
Mechanisms of regulatory T-cell suppression – a diverse arsenal for
a moving target

Introduction

Central to an efficient adaptive immune response is the

ability to tightly regulate immune activation to prevent

responses to self-antigens, permit responses to foreign

antigens and limit collateral damage. Regulation occurs

early in T-cell development, thymically, with the selection

of an immune repertoire purged of many self-reactive T

cells. In the periphery, strict T-cell signalling requirements

intrinsically regulate T-cell activation while extrinsic regu-

lation comes in part from specialized regulatory T cells

(Tregs).1 The importance of active regulation of self-

reactivity was brought to the fore, once again,2,3 around

1990 with the ability to induce a number of organ-

specific autoimmune diseases in rodent strains that do

not normally develop autoimmunity by procedures that

rendered the animals partially T-cell deficient.4–6 Signifi-

cantly, the transfer of a CD25+ CD4+ T-cell subset, from

syngeneic healthy mice, prevented the development of

autoimmunity on transfer to these lymphopenic animals,7

indicating that an intact immune system contains cells

with the capacity to prevent the activation of autoreactive

cells. Therefore, self-tolerance, at least to tissue-specific

self-antigens, represents an active, dynamic state in which

autoreactive cells are held in check by Tregs. More

recently, Tregs have been shown to also limit immune

responses to foreign antigen and can help or hinder

transplantation and pathogen/tumour clearance.8–10 Given

their broad suppressive action, it is unclear how the

activity of Tregs is regulated to ensure that beneficial

immune responses to infectious stimuli proceed unabated

while other responses are suppressed.

The discovery that CD25+ CD4+ Tregs expressed the

transcription factor Foxp3 gave credence to the notion

that regulatory T cells represented a distinct T-cell line-

age.11–14 In humans, disruption of Foxp3 function leads

to an immune dysfunction, polyendocrinopathy, entero-

pathy, X-linked (IPEX) syndrome characterized by

autoimmune disease, allergy and inflammatory bowel

disease.15 Similarly in mice, natural or conditional
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Summary

Naturally-occurring regulatory T cells (Tregs) are emerging as key regula-

tors of immune responses to self-tissues and infectious agents. Insight has

been gained into the cell types and the cellular events that are regulated

by Tregs. Indeed, Tregs have been implicated in the control of initial acti-

vation events, proliferation, differentiation and effector function. How-

ever, the mechanisms by which Tregs disable their cellular targets are not

well understood. Here we review recent advances in the identification of

distinct mechanisms of Treg action and of signals that enable cellular

targets to escape regulation. Roles for inhibitory cytokines, cytotoxic

molecules, modulators of cAMP and cytokine competition have all been

demonstrated. The growing number of inhibitory mechanisms ascribed to

Tregs suggests that Tregs take a multi-pronged approach to immune regu-

lation. It is likely that the relative importance of each inhibitory mecha-

nism is context dependent and modulated by the inflammatory milieu

and the magnitude of the immune response. In addition, the target cell

may be differentially susceptible or resistant to distinct Treg mechanisms

depending on their activation or functional status at the time of the Treg

encounter. Understanding when and where each suppressive tool is most

effective will help to fine tune therapeutic strategies to promote or

constrain specific arms of Treg suppression.
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deletion of Foxp3+ cells leads to multi-organ autoimmune

disease, highlighting its key role in the function of

Tregs.16–18 Recent studies on the gene targets under

Foxp3 regulation should provide insight into the function

of Foxp3 in the Tregs themselves.19–21 While it has been

known for some time that these naturally-occurring Tregs

develop in the thymus,6,22,23 the thymic signals that con-

fer lineage specificity have not been fully determined.

Nonetheless, thymic support of Tregs may depend on

antigen expression on thymic epithelium and the engage-

ment of high-affinity, T-cell receptors (TCR).24,25 There is

current debate on the specificity of Tregs (self or non-

self);23 in two independent studies CD25+ Foxp3+ Tregs

in the periphery were shown to have TCRs with increased

avidity for self-peptide when compared to CD25) non-

regulatory T cells26,27 but this remains controversial.28,29

Maintenance of Tregs in the periphery is aided by signals

via interleukin-2 (IL-2), CD28 and transforming growth

factor-b (TGF-b).23 Additionally, Tregs may require inter-

actions with their cognate ligand in the periphery to fur-

ther mature and/or survive.30 Once in the periphery,

Tregs can vigorously expand in response to antigen and

homeostatic proliferative signals,31–33 in contrast to their

anergic phenotype in vitro.

In essence, any cell that differentially secretes or con-

sumes key cytokines can regulate the function of other

effector cells that are activated in close proximity. How-

ever, this review focuses on the natural Foxp3+ regulatory

T-cell lineage whose primary function appears to be one

of down-regulating immune function. It has also become

clear in the past 5 years that regulation of immune

responses is under the control of multiple regulatory

T-cell subsets.34 Naive CD4+ CD25) T cells can be

induced to become regulatory in the periphery to a

variety of signals35,36 including antigen exposure in the

presence of immunosuppressive cytokines like IL-10 and

TGF-b37,38 and/or retinoic acid,39–41 activation by imma-

ture dendritic cells42 and perhaps activation in the context

of naturally-occurring Tregs.43 Many of these regulatory

subsets act by secretion of the immunosuppressive cyto-

kines IL-10 and/or TGF-b. In addition, CD8 ‘suppressor’

T cells, natural killer (NK) T cells and cd T cells have also

been shown to regulate immunity.44,45 The relative roles

played by these subsets and co-operativity in a given

immune response are not well understood.

Immune functions regulated by Tregs

Tregs appear to modulate a variety of immune functions

from initial T-cell and B-cell activation to effector function

in the target tissue (Fig. 1). Here we discuss the stages at

which lymphocytes appear vulnerable to Treg suppression.

Although not the focus of this review, many of these events

in vivo may be mediated via modulation of antigen-pre-

senting cell (APC) function. The classic in vitro suppression

assay measures the ability of Tregs to abrogate lymphocyte

proliferation in response to antigen stimulation.46,47 Sup-

pression does not occur when Tregs and targets are sepa-

rated in a trans-well system, suggesting that the inhibitory

event requires close cellular proximity. Analysis of the

kinetics of Treg action in vitro has revealed that the target T

cells undergo initial activation (up-regulate CD69 and

CD25) and secrete IL-2 but that the presence of Tregs leads

to the premature termination of the activation programme

between 6 and 12 hr,48 resulting in a down-regulation of

IL-2 transcription.48,49 Although the down-regulation of

IL-2 is often used as a readout of Treg function it is not

clear at present if IL-2 is the primary molecular target of
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Figure 1. Regulatory T cells (Tregs) inhibit multiple stages of target cell activity. (a) Tregs appear to be unable to inhibit the early activation

events (up-regulation of CD25 and CD69) of the first 6–10 hr of target CD4+ T-cell activation. (b) Tregs suppress proliferation of multiple

immune cell types possibly via attenuation of interleukin-2 production. (c) Suppression of CD4+ T-cell differentiation by limiting the duration of

T-cell receptor signalling or inhibiting the induction of the lineage specific transcription factors GATA3 and Tbet. (d) Treg suppression of effec-

tor T-cell cytokine production (interferon-c and interleukin-4 by T helper type 1 and type 2 cells, respectively); inhibition of lytic granule release

by CD8 effectors; inhibition of B-cell antibody production, directly or via blockade of CD4 help.
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suppression. Indeed, gene expression profiling of CD4

T-cell targets undergoing Treg suppression provided evi-

dence that Tregs induce a unique pattern of altered gene

expression in the target T cells.50 The Treg-imposed gene

programme was exemplified by the induction of many

genes associated with growth arrest or inhibition of prolif-

eration.50 In keeping with an early block in T-cell activa-

tion, recent data in vitro (explanted lymph nodes) and

in vivo (intravital) using two-photon microscopy support

the notion that Tregs limit T-cell signal duration: in two

independent TCR transgenic systems the presence of Tregs

led to a reduction in the duration of contacts between naive

antigen-specific CD4+ T cells and antigen-loaded dendritic

cells.51,52 Studies on the kinetics of Treg action and the dis-

ruption of stable T-cell–APC contacts are particularly inter-

esting given accumulating data that suggest that long-term

T-cell–APC interactions (> 10 hr) are essential for subse-

quent effector function.53,54 Therefore these long-term

T-cell interactions with APCs promote ‘fitness’ in a develop-

ing immune response.55 It is intriguing therefore that Tregs

may interfere with this period of prolonged activation.

In addition to disruption of early activation events,

Tregs have also been shown to block T-cell and B-cell dif-

ferentiation and effector function.56–62 Most strikingly,

in vivo studies show that Tregs can modulate established

inflammation in a variety of autoimmune and inflamma-

tory settings. Indeed, for many of these examples Tregs

failed to control the initial expansion of antigen-specific

cells in the lymph nodes but did halt the execution of

their effector function at sites of inflammation. In an ele-

gant set of studies using Tregs from mice deficient in the

ligands for E/P-selectin,63 Tregs that could not migrate to

inflamed sites were unable to suppress T helper type

1-mediated inflammation in the skin, suggesting a key

role for Tregs at the effector stage within the inflamed

tissue. Moreover, fascinating studies on the control of

CD8 responses highlighted the exquisite selectivity of the

inhibition of effector function by Tregs: cytolytic function

was terminated but not the expression of effector mole-

cules such as interferon-c.64,65 It is likely that the context

in which the Treg encounters its target will determine

which facet of the immune response is susceptible to Treg

suppressive actions. Thus the anatomical location (lymph

node or tissue), the make-up of the inflammatory milieu,

antigen load, target cell number and activation status of

the target cells will all influence the degree and mecha-

nism of Treg immune regulation.

Mechanisms of Treg suppression

The mechanisms of Treg action remain poorly understood

and contentious. Differences between in vitro and in vivo

requirements, particularly with regard to the inhibitory

cytokines IL-10 and TGF-b, have fuelled the controversy.

Many of the discrepancies may arise because, unlike the

controlled environment of in vitro suppression, in any

given in vivo model the stage of activation or anatomical

location of successful target T-cell–Treg interactions has

been poorly defined. The latest identification of new (and

revamped) inhibitory mechanisms may bridge the in vitro

and in vivo divide. As recently reviewed,66 suppressive

mechanisms can be divided into three categories: cell–cell

contact, local secretion of inhibitory cytokines and local

competition for growth factors (Fig. 2). In each category
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Figure 2. Mechanisms of regulatory T-cell (Treg) suppression. (a) Cell–cell contact. Tregs may suppress target cells via direct interaction of recep-

tor–ligand pairs on Tregs and target cells; delivery of suppressive factors via gap junctions including cyclic adenosine monophosphate (cAMP);

direct cytolysis; membrane-bound suppressive cytokines such as transforming growth factor-b (TGF-b); and/or indirectly via modulating the anti-

gen-presenting cell (APC) through cell–cell contact, possibly through reverse signalling via Treg–cytotoxic T-lymphocyte antigen-4 (CTLA-4)

engagement of B7 on dendritic cells. (b) Soluble suppressive factors. Tregs can directly secrete interleukin-10 (IL-10), TGF-b and IL-35 or induce

APCs to secrete such factors. Expression of CD73/CD39 by Tregs facilitates the local generation of adenosine that can down-modulate immune

function. (c) Competition. Tregs may compete for some cytokines that signal via receptors that contain the common c-chain (IL-2, IL-4 and

IL-7). Additionally they may compete for APC costimulation via constitutive expression of CTLA-4. Red arrow indicates an inhibitory signal.
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there are multiple examples of inhibitory pathways that are

probably not mutually exclusive.

Cell–cell contact

There is perhaps most disagreement surrounding the

mechanisms put forth for cell–cell contact-dependent

suppression because the studies have not been robustly

reproduced in multiple experimental settings. Membrane-

bound TGF-b was shown to contribute to suppression67

and this remains consistent with the inability to suppress

in an in vitro transwell system and with the in vivo

importance of TGF-b-mediated regulation.68 Other cell

surface molecules implicated in suppression include cyto-

lytic molecules (Fas and Granzyme B),69–71 LAG3 72 and

cytotoxic T-lymphocyte antigen 4 (CTLA-4). Tregs consti-

tutively express CTLA-4 but its requirement for Treg

activity is not clear. Various mechanisms of Treg CTLA-

4-dependent regulation have been described, including

delivery of ‘outside-in’ signals via B7 on the activated

target T cells73,74 and/or B7 ligation on dendritic cells

activating indoleamine 2,3-dioxygenase (IDO).75 In vivo, a

clear role for CTLA-4/B7 interactions in Treg control of

colitis can be demonstrated with antibody blockade or

CTLA-4 immunoglobulin treatment.76 However, CTLA-

4-deficient Tregs still confer protection in that same in

vivo model77 so the relationship between CTLA-4 expres-

sion and Treg function requires further examination. Data

from the in vivo models have suggested that while CTLA-

4)/) Tregs retain regulatory capacity they may inhibit

responses using a qualitatively distinct mechanism to that

of CTLA-4-sufficient Tregs, being more dependent on IL-

10 for suppression.77,78 It is possible that individual regu-

latory mechanisms are differentially redundant depending

on the immune setting.

An interesting inhibitory pathway to enter the Treg

field is the modulation of cyclic adenosine monophos-

phate (cAMP) levels in the target cells. Elevation of cAMP

levels has long been associated with inhibition of cellular

proliferation and differentiation and in lymphocytes

causes selective inhibition of cytokine gene expression,

including IL-2 and interferon-c, in part through protein

kinase A (PKA)-blockade of nuclear factor-jB (NF-jB)

activity79 or the activation of the transcriptional repressor

ICER (inducible cAMP early repressor).80 Recent evidence

indicates that Tregs can increase cAMP levels in the target

cells through at least two mechanisms: directly by delivery

of cAMP and indirectly by the local generation of adeno-

sine. In a provocative set of experiments it was suggested

that Tregs, which express high levels of cAMP, transfer

cAMP into the activated target cells via gap junctions.81

Data using a fluorescent dye system to detect transfer of

material from Tregs to targets nicely demonstrated the

potential of Tregs to directly deliver material to T-cell tar-

gets. Moreover, partial blockade of either cAMP or gap

junctions attenuated Treg suppression of IL-2. At this

stage, the specificity of material transferred and the degree

to which this is a Treg-specific phenomenon remain to be

elucidated. In parallel, two groups described the genera-

tion of adenosine by Tregs via the surface expression of

the ectonucleotidases CD73 and CD39.82,83 Binding of

adenosine to the adenosine A2A receptor can increase

intracellular cAMP84 and in these current studies Treg-

generated adenosine suppressed proliferation and cytokine

production by effector T cells. Importantly, the loss of

CD39 or the addition of an A2A receptor antagonist

abrogated Treg suppressive function in the presence of

50AMP in vitro and in vivo.82,83 In addition, a recent

study reported an association between the loss of CD39+

Tregs and multiple sclerosis, suggesting a regulatory role

for this Treg subset in controlling autoimmune inflamma-

tion.85

It has not been determined how increasing cAMP

mediates some of the inhibitory effects of Tregs. Increased

cAMP levels may selectively inhibit immune responses

based on differential cytokine gene sensitivity to cAMP

and/or NF-jB: indeed early studies found that the IL-2

gene, but not the IL-4 gene, was inhibited by cAMP.86

More recently, a study has implicated the downstream

transcriptional repressor ICER.74 Regardless of the specific

mechanism of cAMP action, Tregs appear to have co-

opted a common pathway for tissue regulation of

immune function: tissue-derived adenosine has been

shown to both promote T-cell anergy and abrogate auto-

immune tissue destruction.87

Secretion of inhibitory cytokines

In vivo, the suppressive cytokines TGF-b and IL-10 have

been implicated as active players in the effector function

of Tregs.88,89 The TGF-b plays a key role in lymphocyte

homeostasis at many levels as dramatically demonstrated

by the multi-organ immune pathology occurring in mice

that are deficient in TGF-b or in the absence of signalling

molecules required for TGF-b responsiveness.90 Target

cells that are unable to respond to TGF-b escape Treg

control in the colitis model.91 However, Tregs themselves

do not have to make the TGF-b,91,92 implicating a mech-

anistic pathway that involves Treg induction of TGF-b
production from other cell types, possibly APCs. Suppres-

sion via IL-10 production is also important in a number

of in vivo models of Treg-controlled inflammation and

homeostatic expansion,32,88,93 and once again Tregs may

not need to produce the cytokine themselves. Neither

IL-10 nor TGF-b, however, is required for in vitro

suppression of proliferation. We suggest that some of the

discrepancies between mechanisms used in suppression

in vitro and in vivo might be explained by differences in

the stage of T-cell activation being suppressed in each

setting. Indeed, interesting studies from the Powrie
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group94 highlighted that while IL-10 was a key player in

Treg inhibition of colitis mediated by antigen-experienced

T cells, it was not essential for Treg control of colitis

induced by naive T cells. Therefore IL-10 may be impor-

tant in the Treg control of effector function within

inflamed tissue but not in Treg control of T-cell activa-

tion and/or differentiation events in the draining lymph

nodes in vivo.

The Vignali group recently described an exciting new

inhibitory cytokine, IL-35, that appears to contribute to

Treg suppression.95 The Epstein–Barr-virus-induced gene

3 (Ebi3) was identified in genomic screens as being over-

represented in mouse CD4+ CD25+ T cells. Ebi3 encodes

the IL-27 b-chain and pairs with IL-27a to form IL-27 or

with IL-12a to form the new cytokine IL-35. The Tregs

express both Ebi3 and IL-12a. Unlike IL-10 and TGF-b,

IL-35 seems to be required for suppressive function both

in vitro and in vivo. Ebi3)/) Tregs have reduced suppres-

sive capacity in in vitro assays of proliferation and in vivo

in the control of homeostatic expansion and colitis.

Moreover, ectopic expression of IL-35 in T cells confers

regulatory properties. Interestingly, Ebi3 appears to be a

downstream target of Foxp3, perhaps explaining its prefer-

ential expression in Tregs; however, many immune cell

types that make IL-12a could also express IL-35 and

modulate immune responses. It remains to be determined,

therefore, whether IL-35 is a Treg-specific suppressive fac-

tor and which cell types are receptive to its inhibitory

actions.96 Nonetheless, IL-35 may represent an important

therapeutic target for the modulation of immunity.

Competition for growth factors

The constitutive expression of CD25 by Tregs gives them

an initial competitive advantage for the consumption of

IL-2 over naive T cells, which express CD25 only after

TCR stimulation. Indeed, Tregs clearly deprive effector T

cells of IL-2 in cocultures in vitro.97,98 More recently,

Pandiyan et al.99 highlight the functional consequence of

Treg competition for cytokines. They demonstrated that

Treg-mediated competition for growth factors leads to

cytokine deprivation-induced apoptosis in the target

effector cells both in vitro and in vivo. The apoptotic

death induced in the targets was shown to be Bcl-2 inter-

acting mediator of cell death (BIM)-dependent and perfo-

rin/Fas-independent. The significant degree of target cell

death measured in this study has rarely been seen in other

in vitro experimental set-ups for Treg suppression; but at

face value it does show that in certain circumstances

cytokine consumption by Tregs can have profound conse-

quences on the fate of concurrently activated T cells. Pre-

sumably this is not a Treg-specific phenomenon but

could be mediated by any previously activated effector

cell with high cytokine receptor levels as previously sug-

gested in models of T-cell competition.100

However, Treg suppression cannot be entirely explained

by the competitive consumption of IL-2 in particular.

The Tregs can suppress the autoimmune response of IL-2

receptor-deficient T cells, excluding an essential role for

this mechanism.101 Moreover, bypassing competition for

IL-2, by provision of exogenous IL-2 in in vitro coculture,

enables the target T cells to proliferate in the presence of

Tregs while endogenous target T-cell production of IL-2

remains suppressed.48,49 In support of additional suppres-

sive mechanisms, the altered gene profile of target T cells

following a Treg encounter bears little similarity to the

gene profile induced with IL-2 deprivation.50 Nonetheless,

competition for IL-2, and possibly other growth factors,

is certainly a component part of Treg action and may be

a dominant mechanism in some situations. In turn, IL-2-

uptake activates Tregs and may also modulate their activ-

ity through enhanced IL-10 production.97,98

This recent cytokine deprivation study, along with the

identification of IL-35 as a Treg effector molecule, chal-

lenges the popular interpretation of transwell experiments

that cell–cell contact is required for Treg suppression.

Indeed, there has been no formal demonstration that Tregs

need direct physical contact with target cells. More likely,

these mechanisms require local cytokine delivery or uptake

in a finely balanced microenvironment. Indeed, it has long

been known that CD4+ T-cell cytokines are secreted in a

polar fashion, presumably to target cytokine delivery and

limit collateral damage.102,103 It is therefore not difficult to

imagine that Tregs also work in a targeted fashion and

may have a defined suppressive reach; the scope of which

may differ according to the nature of the local milieu.

Many of the suppressive mechanisms that we have dis-

cussed here are not essential mediators of Treg activity

and may play a supportive role to an, as yet, unidentified,

master regulatory function. To accommodate the variety

of immune functions regulated by Tregs (Fig. 1), Tregs

may use a suppressive mechanism that targets an essential

and common step in lymphocyte activation. For instance

a mechanism that focused on disrupting a key component

of proximal B-cell and T-cell receptor signalling could

disrupt function at any stage of immune activation

(Fig. 1): proliferation, differentiation or effector function.

The quantity and quality of the activation signals would

then determine target T-cell sensitivity to Treg actions.

Target cell escape from regulation

Given such a diverse array of suppressive mechanisms,

Treg activity needs to be attenuated to mount effective

immune responses to infection. Signals that mitigate reg-

ulatory T-cell activity either negatively regulate the Treg

itself or positively arm the target cells against Treg sup-

pressive mechanisms. Treg function can be modulated by

a variety of proinflammatory signals including Toll-like

receptor triggering104 and direct inhibition by tumour
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necrosis factor-a (TNF-a).105 Here we focus on the sig-

nals that enable target cells to escape Treg actions. Identi-

fying signal components that render target cells resistant

to suppression could provide clues to the molecular

targets of Treg suppressive mechanisms.

The up-regulation of B7 expression (CD80 and CD86)

by APC represents a central event in the activation of

naive T cells to infectious agents and may serve as a mech-

anism to disrupt regulatory T-cell tolerance by rendering

effector T cells unresponsive to suppression. Indeed,

elevating the strength of target T-cell activation signals in

a variety of ways, through increasing antigen dose or

provision of costimulatory signals, has been shown to

‘abrogate’ Treg activity.46,47,106 However, in many cases it

has been hard to determine if the stimulus is providing

positive signals to the target to escape suppression or if

the same signals are negatively regulating the Tregs.

Nevertheless, distinct signals delivered to the target T cells

have been shown to enable them to resist regulation, inde-

pendent of effects on Tregs. Indeed, CD28 signalling direc-

ted to the target T cell enables them to resist Treg

suppression of early IL-2 production.48 Similarly, positive

signals from OX-40 and glucocorticoid-induced tumour

necrosis factor receptor (GITR) also help target cells to

evade suppression.107–109 In addition, Toll-like receptor-

induced IL-6 production by dendritic cells can also render

target cells resistant to suppression independent of

costimulation.110 Therefore it appears that the kind of

activation signals delivered by a fully mature dendritic cell

following exposure to pathogens are the same signals that

enable naive T cells to escape suppression. Intuitively for

the maintenance of self-tolerance, it follows that presenta-

tion of self-antigen in the absence of such potent costi-

mulatory signals or inflammatory cytokines would leave

effector T cells more vulnerable to suppression.

At the molecular level, a number of signalling compo-

nents have been identified that can impact target T-cell

sensitivity to Treg suppression. Mice deficient in the sig-

nalling molecules Cbl-b, NFATc1, c3, and TRAF6 all

develop multi-organ inflammatory disease, which high-

lights the important roles of these molecules in T-cell

homeostasis. The loss of each signalling molecule did not

impact on the function of Tregs but rendered the non-

regulatory CD4+ population resistant to Treg suppres-

sion.111–113 Mechanistically, these signal deficiencies all

result in a similar phenotype: deficient T cells display

CD28-independent proliferation probably mediated via

hyperactivation of the phosphatidyl inositol 3-kinase

(PI3K)/ the serine/threonine protein kinase (AKT) path-

way. Indeed, in the TRAF6 studies, overexpression of the

PI3K-inhibitor, phosphatase and tensin homolog (PTEN)

restored the ability of the target T cells to be sup-

pressed113 so the degree of activation of the PI3K pathway

appears to regulate target T-cell sensitivity to Treg sup-

pression.114 It is tempting to speculate that IL-6 may also

confer target T-cell resistance to suppression via this same

pathway given the well-established ability of IL-6 to acti-

vate AKT via PI3K.115

In all three examples of signalling deficiencies that con-

fer resistance to Treg suppression there is a T-cell hyper-

activity component, therefore the data need to be

interpreted with caution. The coincident loss of signalling

molecules and the loss of suppression could indicate that

those signal components are critical in the targets to

transduce the Treg suppressive signal. For instance,

nuclear factor of activated T cells (NFAT) signalling in

isolation confers an anergic state on T cells as the result

of the expression of a distinct group of NFAT target

genes, including E3 ligases.116,117Thus Tregs may qualita-

tively modulate TCR signals to alter target T-cell gene

expression.50 Alternatively, the loss of the signalling mole-

cules may simply alter the activation kinetics of the defi-

cient targets, enabling them to escape suppression.

Indeed, wild-type target T cells are susceptible to suppres-

sion in a narrow kinetic window, the first 6–12 hr of acti-

vation, but become resistant thereafter.48 Therefore a

more rapid time to activation of deficient target T cells

may give them a competitive advantage.

Physiological relevance

The most informative data on signals that modulate Treg

function will most likely come from in vivo situations

where immune responses are either disregulated (tissue-

specific autoimmunity) or overly regulated (tumours).

Over the past few years there have been a plethora of

studies on Treg number and function in autoimmune dis-

eases in mice and man but global Treg deficiencies have

not been widespread. However, more recently a number

of reports have suggested that Treg activity may indeed

be altered at sites of inflammation. The cytokines IL-6

and TNF are emerging as major negative regulators of

Treg function either by directly inhibiting Tregs or ren-

dering target cells resistant to suppression. In experimen-

tal autoimmune encephalomyelitis, Tregs could be found

in the central nervous system but, although these Tregs

suppressed naive T-cell activation, they failed to control

IL-6- and TNF-secreting central nervous system-derived

encephalitogenic effector T cells.118 Similarly, Treg func-

tion was compromised in patients with active systemic

lupus erythematosus but not in those patients whose dis-

ease was inactive.119 Strikingly, the functional defects were

reversed if the Tregs were first activated in vitro.119 These

reversible Treg defects suggest that Tregs are not intrinsi-

cally defective in systemic lupus erythematosus but func-

tion poorly during the systemic inflammation associated

with active disease. TNF is a strong candidate for the

dampening of Treg function in inflammatory sites.

Indeed, compromised Treg function in rheumatoid

arthritis can be reversed by anti-TNF-a therapy.120
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Concluding remarks

In the past few years we have seen a number of exciting

new studies that highlight distinct facets of Treg suppres-

sion. The relative contribution of these disparate inhibi-

tory mechanisms to distinct immune responses remains

to be elucidated. A target T cell may be differentially

sensitive to distinct Treg mechanisms depending on when

and where it encounters the Treg. Given that regulation

by Tregs is a continuous process and and the result of

multiple factors we suggest that the outcome of a given

immune challenge will be controlled by the degree of

target cell activation. Therefore a productive immune

response requires the provision of signals that enable

immune effectors to escape regulatory T-cell control.
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